Determinants of plant establishment and invasion are a key issue in ecology and evolution. Although establishment success varies substantially among species, the importance of species traits and extrinsic factors as determinants of establishment in existing communities has remained difficult to prove in observational studies because they can be confounded and mask each other. Therefore, we conducted a large multispecies field experiment to disentangle the relative importance of extrinsic factors vs. species characteristics for the establishment success of plants in grasslands. We introduced 48 alien and 45 native plant species at different seed numbers into multiple grassland sites with or without experimental soil disturbance and related their establishment success to species traits assessed in five independent multispecies greenhouse experiments. High propagule pressure and high seed mass were the most important factors increasing establishment success in the very beginning of the experiment. However, after 3 y, propagule pressure became less important, and species traits related to biotic interactions (including herbivore resistance and responses to shading and competition) became the most important drivers of success or failure. The relative importance of different traits was environment-dependent and changed over time. Our approach of combining a multispecies introduction experiment in the field with trait data from independent multispecies experiments in the greenhouse allowed us to detect the relative importance of species traits for early establishment and provided evidence that species traits-fine-tuned by environmental factors-determine success or failure of alien and native plants in temperate grasslands. community assembly | functional traits | biotic filter
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A major obstacle for unraveling key traits leading to success of alien and native plants is that seed availability (propagule pressure) and environmental characteristics codetermine plant establishment (10) . High seed availability and disturbance are likely to facilitate establishment (11, 12) , whereas high productivity-which implies strong competition for light (13) -is likely to impede establishment (14) . Although some traits have been found to correlate with establishment and subsequent invasion success of alien plants (15, 16) , more and more studies claim that extrinsic factors-mainly propagule pressure (i.e., introduction effort) and disturbance-are the key drivers of invasions, overriding the importance of species traits (17) (18) (19) . In observational studies, however, effects of these extrinsic factors might have been overestimated, because they might be biased due to more frequent introduction of alien species with specific traits (20) (21) (22) .
Despite the difficulty of disentangling extrinsic and intrinsic factors, there have been many attempts to identify traits associated with success or failure of native (4, (6) (7) (8) and alien species (15, 16) . However, these attempts face the fundamental difficulty that the identities of unsuccessful species are usually not known. Moreover, species traits are often obtained from trait databases (e.g., refs. [22] [23] [24] , which-despite their vast amount of data-are mainly restricted to simple traits. Furthermore, given the potential relevance of herbivory and competition for establishment (25, 26) , data on traits related to biotic interactions might be crucial.
The importance of species characteristics and extrinsic factors for establishment success of alien and native species can only be disentangled unambiguously with controlled introductions of large numbers of species (4) combined with an independent screening of their traits. This unique approach has several advantages. First, when experimentally introducing species, the identity of both successful and unsuccessful species is known. Second, extrinsic factors, such as time since introduction and propagule pressure, are known and identical for all species. Third, environmental conditions at sites of introduction, such as high levels of disturbance or high standing biomass, are controlled for and cannot confound associations between traits and establishment success of plant species. However, to determine the importance of species traits, the screening of relevant traits should include easily measurable characteristics, such as geographic origin and seed mass, as well as traits that are more complex and directly related to biotic interactions. Assessing complex traits for not just few, but a wide range of species, requires large experiments conducted under common environmental conditions, and therefore these studies have not been attempted yet.
Here, we disentangled the roles of species traits, soil disturbance, and propagule pressure for early plant-establishment success with an experimental approach that combined multispecies greenhouse and garden experiments assessing species traits with an introduction experiment at multiple field sites. We introduced 48 alien and 45 native herbaceous plant species into 16 grassland sites, which varied in standing biomass. We used grassland sites because they are a major vegetation type in Central Europe and of high value for biodiversity. The sites received one of four different levels of propagule pressure (2, 10, 100, or 1,000 seeds per species), and eight of the sites were disturbed by soil tilling at the start of the experiment (Fig. 1 ). For 3 y, we monitored all species. In parallel greenhouse and garden experiments, we assessed species traits widely considered important for establishment [seed mass, germination percentage (21) , shoot-root ratio, growth rate, shade-avoidance plasticity, response to competition, and herbivore resistance (27) ]. Combining the field results with our trait data allowed us to identify the most important determinants of plant establishment in temperate grasslands. Moreover, using alien and native species allowed us to test the recently posited idea that the success of alien and native species is driven by the same factors (28) .
Results
Of the 93 plant species introduced as seeds into the 16 sites, 64 (28 natives and 36 aliens) were found at least once and 12 (9 natives and 3 aliens) flowered during the 3 y of the study (Table S1 ).
Environmental Factors and Introduction Effort. Establishment was lowest in sites with high standing biomass and higher in sites with disturbed soil than in undisturbed ones. Both effects increased over time ( Fig. 2 and Table S2 ). However, once a species had successfully established, standing biomass and soil disturbance did not affect the number of established individuals (Table S3 ). The main extrinsic factor increasing early establishment (Figs. 2 and 3) and the number of established individuals (Table S3 ) was high propagule pressure (i.e., number of seeds sown). However, the relative importance of propagule pressure decreased significantly during the 3 y ( Fig. 2 and Table S2 ).
Species Characteristics. Species characteristics accounted for considerable variation in establishment, and the traits directly related to biotic interactions became the most relevant with time ( Fig. 3 ). The most important species traits in the first censuswhere establishment likely reflected germination success and seedling survival-were high seed mass and a strong negative response to competition. The latter could also be interpreted as an ability to take advantage of competition-free conditions (14) (higher biomass when growing alone than when growing under competition; Figs. 2 and 3), which might be beneficial for plants at an early establishment phase. Although the effect of seed mass remained constant during the 3 y, the effect of the response to competition declined, and other species characteristics became more important (Figs. 2 and 3 and Table S2 ).
In the third year, a high resistance against generalist herbivores was the characteristic that, along with being native, was most important for establishment success (Figs. 2 and 3 ). Moreover, species that established more successfully in disturbed sites showed lower shade-avoidance plasticity (i.e., were less able to elongate their hypocotyls in response to experimental shading; Table S2 and Fig. 2). Over time, perennial plants established more successfully than nonperennial ones, particularly in disturbed sites ( Fig. 2 and Table S2 ). Furthermore, native plant species established significantly better than alien ones, and this difference increased over time ( Fig. 2 and Table S2 ). Effects of all other traits accounted for a smaller percentage of the explained variation ( Figs. 2 and 3 ).
Our final model had pseudo-R 2 values of 0.85 and 0.97 when we used null models with and without random factors, respectively. Thus, including both species characteristics and extrinsic factors explained a high proportion of the variation in establishment success.
Interaction of Species Status with Other Factors. Because few alien species persisted beyond the first year, we had to restrict the analysis of interactions of status with other factors to first-year data (Table S1 ). Herbivore resistance and standing biomass of the vegetation were equally important for both native and alien species (Table S4 and Fig. S1 ). However, a high growth rate increased establishment of native but not of alien species, and a negative response to competition-i.e., a high ability to take advantage of competition-free conditions-increased establishment of alien but not native species (Table S4 and Fig. S1 ). Thus, to some extent, the traits determining establishment success differed between native and alien species. 
Discussion
Identifying the traits that promote plant establishment is challenging, because their importance may depend on environmental characteristics and might be obscured by historical aspects. For alien species, quantifying the importance of introduction history (e.g., propagule pressure) is difficult, because many introduced species were chosen by humans (21) , and often species with certain traits were introduced in higher numbers. With our unique comparative experimental approach, combining controlled introductions of many species with independent experimental screenings of their traits, we demonstrated that plant traits, especially those linked to biotic interactions, and extrinsic factors are important drivers of plant establishment in central European grasslands. We showed that the importance of species traits depends on the environment and changes over time, which is likely to have masked some of their effects in previous studies.
Environmental Factors and Introduction Effort. Establishment success decreased with increasing standing biomass and was higher with than without soil disturbance. Although both factors affected species presence or absence, they did not affect the number of established individuals. This finding suggests that the resident vegetation acts as an environmental filter constraining the initial establishment of certain species but that, once the filter is passed, other factors determine their abundances.
Propagule pressure has been suggested as a main driver of establishment success of introduced alien species (12, 18) . In our study, it was indeed the main extrinsic factor determining establishment success and the number of established individuals. However, its relative importance decreased over time. This finding indicates that high propagule pressure indeed increases early establishment but has less effect on persistence in subsequent years. The frequently reported importance of propagule pressure at later invasion stages (19) possibly reflects that propagule pressure and invasiveness traits have been confounded, because species with traits promoting establishment have been introduced in larger numbers and more frequently (20) .
Species Characteristics. It has been hypothesized that a successful plant is characterized by fast germination, fast growth, high phenotypic plasticity, high competitive ability (15, 29) , and resistance to generalist herbivores (30) . Species traits in our study, independent of species status, accounted for a considerable proportion of the explained variation in early establishment, and, interestingly, traits directly linked to biotic interactions were the most relevant at the end of the experiment. This finding is in line with general expectations from community assembly and invasion theory (31, 32) . Initial abiotic filters constrain establishment of species without certain physiological traits. Once having passed these abiotic filters, species need to pass biotic filters to persist in a community. The importance of biotic-interaction Estimates indicate how much the logit of the establishment probability increases when moving from one factor level to the other (e.g., from no disturbance to disturbance) or, in the case of covariates (e.g., seed mass), when increasing the covariate by one unit (i.e., by one SD). Effects of several factors changed between years, between seasons, or between disturbed and nondisturbed sites (significant interactions with year, season, or disturbance; Table S2 ). Separate symbols for undisturbed and disturbed sites indicate significant two-way or higher-order interaction of disturbance with the respective factor (e.g., life history).
traits in our study highlights the overall importance of biotic filters for plant establishment.
Establishment in the first year is likely to reflect germination success and seedling survival. Accordingly, species with high seed mass, a trait often associated with high seedling survivorship, especially under competitive conditions (33) , established better than species with lower seed mass. Species more susceptible to competition were also more successful. However, competition indices are generally difficult to interpret because a negative response to competition might also reflect a better ability to take advantage of increased resource availability under competitionfree conditions (14, 34, 35) . Perennial species established more successfully than annual species did. Probably, this result reflects that our annual mowing, which is typical for this type of grasslands, removed all annuals not having produced seeds, whereas perennials were able to resprout.
Among the traits linked to biotic interactions, high resistance against generalist herbivores was of particular importance, especially in summer when herbivory is likely to peak in grasslands. Although alien species might to some degree be released from specialist herbivores, as predicted by the enemy-release hypothesis (36) , both native and alien species benefited from herbivore resistance. This finding indicates a strong pressure by generalist herbivores on both native and alien plants. Hence, a basic level of resistance against generalists is essential for establishment of herbaceous species in grasslands. Further, the species establishing more successfully in sites with disturbed soil were the ones less able to plastically elongate their hypocotyls under experimental shading. Thus, less plastic species had an advantage over more plastic ones in sites where stem elongation was not required-a strong indication of the often predicted, but rarely demonstrated, costs of plasticity (37) . In general, the high importance of biological-interaction traits in our study indicates that establishment is strongly constrained by the outcome of interactions with other organisms.
Species Status. Only a few alien species established in the field. This result is not surprising because we used a random sample of horticultural alien species, and it mirrors findings that problematic invasive species make up a relatively modest subset of all alien species (38) . Nevertheless, the established aliens and natives provide valuable general information on traits leading to success in grasslands.
The advantage of natives over aliens could not entirely be explained by the traits we measured, which exemplifies the difficulty of accurately explaining species performance based solely on trait information. Alien and native species therefore might well differ in further characteristics that we did not measure, such as fundamental niches or seed dormancy. It could also be that certain traits vary across ontogenetic stages and thus might not have been caught entirely by our measures. Although we are limited in our ability to test for what exactly caused the difference in establishment of alien and native species, it is important to consider the origin when testing for determinants of establishment success, because the introduction of species from different origins might be biased and confounded with specific traits (21, 22) .
Interactions of Species Status with Other Factors.
It has been suggested that the effects of extrinsic factors and species traits on establishment should not differ between alien and native plant species (28) . A recent experiment showed that invasive alien and widespread native species showed similar biomass responses to nutrient addition (34) . However, a recent analysis of the German Flora demonstrated that, although widespread alien and native plant species share some beneficial traits, they differ in others (22) . With our multispecies experiments, we also showed that establishment success of alien and native species was partly driven by different factors (Table S4 and Fig. S1 ). We therefore suggest that, although most traits might be equally beneficial for alien and native species, the importance of some traits might differ for aliens and natives, and this possibility should be considered when searching for determinants of plant establishment.
Synthesis. Identifying and quantifying the importance of factors that determine the success of alien (5, (15) (16) (17) and native species (6-8) is challenging, because of the frequent confounding of extrinsic factors with species characteristics. Although extrinsic factors were significant determinants of early establishment success in our study, species characteristics, especially the ones linked to biotic interactions, were equally important. It will be interesting to see whether these findings are also valid for grassland habitats in other parts of the world and for other habitat types.
It has frequently been suggested that the importance of traits affecting establishment is context-dependent (15), but few studies have shown this result rigorously. Here, we showed that the effects of certain traits on early establishment differed between experimentally disturbed and undisturbed sites and changed over time. For example, high resistance against herbivores did not affect the very first stage of establishment but became essential for later plant persistence, and high initial growth rate increased early establishment in disturbed but not in undisturbed sites. Hence, species traits that determine plant success are fine-tuned by environmental factors.
Materials and Methods
Plant Species. We used seeds of 48 alien and 45 native herbaceous plant species from 15 different plant families (Table S5 ). Horticulture is the major introduction pathway for most invasive plant species (39) . We therefore used alien species that are commercially available in Switzerland as ornamental garden plants. We did not introduce problematic invasive species, because such a deliberate selection would have been nonrandom and would be prohibited in Switzerland (for details on species selection, see SI Materials and Methods, section S1).
Field Experiment.
In the field, we tested how the establishment success of the 93 plant species depended on experimental propagule pressure and soil disturbance in grasslands. We used 16 grassland sites (240 m 2 each), belonging to the same community type in the Canton of Bern (Switzerland; Table S6 ). All sites were used at low intensity by farmers and were 0.5-50 km apart from each other. We used a factorial design with two levels of soil disturbance (tilling of soil and no disturbance) and four levels of propagule pressure (2, 10, 100, and 1,000 seeds) for each of the 93 species. Because each of the eight combinations of soil disturbance and propagule pressure and their replicates required a separate site, we had two replicates per factorial combination. Each of the 16 sites was randomly assigned to one of the eight combinations of soil disturbance and propagule pressure. The eight sites assigned to the soil-disturbance treatment were tilled 3 wk before sowing, and the tilling destroyed the grass sward more or less completely. The other sites were mown to facilitate sowing; such an early mowing in spring is not unusual in the region.
At each site, we marked 196 subplots of 0.5 m × 0.5 m, separated from each other by 0.5 m. To consider spatial environmental heterogeneity within the sites, the seeds of each of the 93 plant species were divided equally over two randomly chosen subplots (Fig. 1 ). In the beginning of May 2008, we sowed 2 seeds per species (1 per subplot) at four sites, 10 seeds per species (5 per subplot) at another four sites, 100 seeds per species (50 per subplot) at a further four sites, and 1,000 seeds per species (500 per subplot) at the remaining four sites. To create identical seed densities at each level of propagule pressure, we adjusted the size of the area in which we sowed the seeds in such a way that we had a density of one seed per 5 cm 2 (e.g., when we sowed 50 seeds in a subplot, we spread the seeds out in the central 250 cm 2 ). All 16 sites were mown once a year in October. Over 3 y, we assessed twice a year-once in spring and once in late summer-whether and how many plants of each species had established in each subplot. As an environmental variable, we assessed the standing biomass of each grassland by cutting the biomass of five randomly chosen 0.5-m × 0.5-m patches in August 2009 and assessing the mean dry weight per square meter.
Species Characteristics. In independent greenhouse and garden experiments (Muri, Canton of Bern), we assessed several traits widely believed to increase establishment success-seed mass, germination percentage, shoot-root ratio, and relative growth rate (RGR)-and also traits that are directly linked to biotic interactions-shade-avoidance plasticity, response to competition, and resistance against a generalist herbivore. Because some of these traits might vary with ontogeny, we assessed each of the traits at the stage at which we expected it to be ecologically important. Correlations between traits are given in Table S7 , and mean trait values of alien and native plant species are given in Table S8 .
Seed Mass, Germination Percentage, and Shade-Avoidance Plasticity. We determined the 1,000-seed mass for each of the 93 species. We assessed germination percentages by sowing 50 seeds into each of 12 trays (600 seeds per species). We randomly assigned trays to 12 blocks in a greenhouse and covered 6 of the blocks with a green mesh (Poly-Schattentuch; Neeser), which reduced light intensity by 60%. After sowing, we counted seedlings three times a week. For each tray, we assessed the proportion of germinated seeds (germination percentage) and then calculated the mean germination percentage per species (21) .
Two weeks after germination, we measured hypocotyl lengths of six offspring per plant species and light treatment. As an index of shadeavoidance plasticity, we calculated the log-response ratio of the hypocotyl length for shaded and unshaded seedlings of each species. Because of low germination percentages for some species (21) and the absence of visible hypocotyls for others, shade-avoidance plasticity could be measured only for 55 of the 93 species (16 natives and 39 alien species; Table S5 ).
Shoot-Root Ratio and Relative Growth Rate of Young Plants. Two weeks after germination, on day 14 in the experiment described above, we harvested six randomly selected offspring per plant species and determined their dry masses. For each species, we then transplanted six additional offspring individually into pots. On day 42, we harvested these transplanted plants and determined dry masses of roots and shoots. We calculated the shoot-root ratio and the RGR of each species as: RGR = [ln(total mass day 42 ) − ln(total mass day 14 )]/(day 42 − day 14). Because of low germination percentages of some species, this experiment included 67 instead of 93 species (25 native and 42 alien species; Table S5 ).
Response to Competition.
To determine the response to competition, a simultaneous start for all species was important for the experiment. Therefore, we germinated in a staggered way, starting with the plant species that required the longest time to germination. We then transplanted 16 seedlings per species separately into 1-L pots in May 2009. In 8 of 16 pots, we planted a circle of 10 competitors around the target seedling, consisting of two seedlings of five native plant species dominant in many Swiss grasslands (Holcus lanatus, Lolium perenne, Plantago lanceolata, Poa pratensis, and Trifolium repens).
At the end of the experiment in early September 2009, we harvested aboveground biomass of all target plants and determined their dry masses. As an index of the response to competition, we calculated the log-response ratio of biomass with and without competition for each species. Because of low germination percentages for some species, this experiment included 62 of the 93 species (19 native and 43 alien species; Table S5 ).
Resistance to Herbivory. To assess the resistance to herbivory, we used larvae of the Egyptian cotton leafworm, Spodoptera littoralis (Boisduval; Lepidoptera: Noctuidae) as bioassay herbivore. The extreme polyphagy of S. littoralis makes it an excellent bioassay species for comparing leaf palatability across plant species from different families. Its feeding response is therefore used as integrative and functionally relevant measure of plant resistance against generalist herbivores (27) . Caterpillars originated from a laboratory stock (Institute of Cell Biology).
In August 2008, we germinated our plant species. We then planted five seedlings per species into 1-L pots in a greenhouse (15°C night, 28°C day, and a constant day length of 14 h). Confamilial native and alien species were tested at the same time. After 8 wk of growth, we enclosed all plants individually into perforated polyester bags and added one third-instar larva of S. littoralis as bioassay caterpillar to each plant. The caterpillar was allowed to feed for 5 d. We assessed the change in biomass of the bioassay caterpillars by recording their fresh mass before and after feeding. As a measure of constitutive resistance, we used mean adjusted final mass (considering the effects of initial mass as covariate) (27) of caterpillars. We reversed the sign of adjusted caterpillar masses for easier interpretation-i.e., high values corresponded to high resistance. In a parallel experiment, in which caterpillars were allowed to feed on detached leaves in Petri dishes, the change in caterpillar mass was positively correlated with consumed leaf mass (n = 58, r = 0.46, P < 0.0001). Because of low germination percentages for some species, this experiment included 58 of the 93 species (18 native and 40 alien species; Table S5 ).
Synthesis and Statistical Analysis. Because some trait-assessment experiments could only be performed for a reduced number of species, we had complete data on all traits for 45 of 93 species. Our data on counts of established plants contained more zeros than would be expected for a Poisson or negative binomial distribution. Therefore, we analyzed our data in two steps. First, we analyzed establishment success across the six censuses as the presence-absence of a species in a subplot (i.e., zeros vs. nonzeros), using generalized linear mixed-effects models (GLMMs) with a binomial distribution. The use of GLMMs allowed us to incorporate several random effects while handling nonnormal data (40) . In a second step, for the subset of presence-only data, we modeled numbers of established plants, using linear mixed models for each of the six censuses separately.
Presence-Absence of Species per Subplot. We used GLMMs with the function lmer of the lme4 package (41) in R (42) . We included data for all censuses and used the presence-absence of a species in a subplot for each census as the response variable. We started with a full model including the extrinsic variables {standing biomass of the grassland, soil disturbance (yes or no), propagule pressure [continuous (log-transformed): 1, 5, 50 or 500 seeds]}, the species characteristics [species status (native or alien), life history (perennial or nonperennial), 1,000-seed mass, germination percentage in the greenhouse, shade avoidance plasticity, shoot-root ratio, RGR, response to competition, and resistance to herbivory], year (1-3), and season (spring or summer) as fixed factors. Continuous variables were scaled to means of zero and SDs of one to facilitate comparisons of their effects (43) . To avoid overfitting, we could not include all possible interactions. However, because a major objective of the study was to test whether the importance of species characteristics depends on the environment, we included the interaction of each fixed factor with disturbance. Because the importance of all factors might change over time, we also included interactions of each fixed factor × season and each fixed factor × year; the three-way interactions of each fixed factor × disturbance × season, each fixed factor × disturbance × year, and each fixed factor × season × year; and the four-way interactions of each fixed factor × disturbance × season × year (Table S2) .
We corrected for taxonomy by including plant family as a random factor. Other random factors were plant species nested within plant family, site, subplot (categorical, 1-2,976) nested within site, and census (categorical). We reduced the model of fixed terms by stepwise deletion of nonsignificant terms and compared the resulting model to the previous one by using log likelihood-ratio tests (43) . We used the multcomp library of R (44) to obtain estimates and SEs for each factor level. We calculated a pseudo-R 2 as a goodness-of-fit measure (SI Materials and Methods, section S2).
It has been suggested that the importance of certain species traits for establishment might be the same for alien and native species (28) . Because of low establishment success of aliens toward the end of the experiment, we could not test this hypothesis in our complete dataset. We therefore performed a separate analysis on data of the first year only where we included, in addition to the above mentioned factors, interactions of species status with all other variables (Table S4) .
Number of Established Plants in a Subplot. We removed all zero data and fitted a linear mixed model with the log-transformed number of established plants per subplot as response variable (Gaussian error distribution). Because some subplots with established plants in one census had zero plants in another census, we could not run an analysis including all censuses to assess the change in importance of every factor over time. Therefore, we performed the analyses separately for each of the six censuses.
We used all extrinsic variables and species characteristics as fixed factors and the interaction of each fixed factor with soil disturbance. As random factors, we included plant family, plant species nested within plant family, and site. We reduced the fixed terms by stepwise deletion of nonsignificant terms, compared the resulting model with the previous one using log likelihood-ratio tests, and obtained estimates and SEs for each factor level as described above.
Because of low numbers of observations in the censuses of the second and third year, the models did not converge, and we had to exclude all interactions with soil disturbance. Additionally, in the last three censuses, we also had to exclude life history and shade-avoidance plasticity (which were the least significant factors) to achieve convergence.
Relative Importance of Factors. To identify the factors accounting for most of the explained variation in establishment success, we ran models with the presence-absence of the species as the response variable for each of the six censuses separately. As fixed factors, we used all extrinsic variables and species characteristics (main terms); as random factors, we used site and species nested within plant family. For each census, we ran the full model and alternately removed one of the fixed factors. We then compared the full model to models without the factor of interest and assessed the difference in deviance. This difference indicates the amount explained by each factor and thus yields a good indication of the relative importance of each factor at each census.
